The aim of the present study was to investigate the potential role of matrix metalloproteinase-7 (MMP-7) and apoptosis-associated genes [TIMP metallopeptidase inhibitor 2(TIMP-2), BCL2 associated X, apoptosis regulator (BAX) and BCL2, apoptosis regulator (BCL-2)] in the pathogenesis of atrial fibrillation (AF) in a Beagle dog model. A total of 20 adult male Beagle dogs were randomly assigned into the AF group (n=10; Beagle dogs were treated by Burst stimulation to induce AF) and the control group (n=10; healthy Beagle dogs). Echocardiography and Mallory staining were used to determine cardiac function and degree of atrial fibrosis, respectively. Reverse transcription-quantitative polymerase chain reaction and western blotting were performed to determine collagen type 1 (Col I), MMP-7, TIMP-2, BAX and BCL-2 mRNA and protein expression levels. Compared with the control group, the AF group presented increased degree of atrial fibrosis and level of Col I expression, elevated MMP-7 and BAX expression levels, but decreased TIMP-2 and BCL-2 expression levels. Correlation analysis demonstrated that MMP-7 and BAX protein expression levels were negatively correlated with left ventricular ejection fraction (LVEF), but positively correlated with the degree of atrial fibrosis. Negative correlation was observed between TIMP-2 and BCL-2 protein expression levels and degree of atrial fibrosis. In addition, a positive correlation between TIMP-2 and BCL-2 protein expression levels and LEVF was observed. These results demonstrate that MMP-7 and BAX were highly expressed, while TIMP-2 and BCL-2 were downregulated in a Beagle dog model of AF, indicating that MMP-7 and apoptosis-associated genes (TIMP-2, BAX and BCL-2) may be associated with the pathogenesis of AF.
Introduction
Atrial fibrillation (AF), the most prevalent arrhythmia, is a risk factor for stroke (1, 2) . Evidence indicates that subclinical hyperthyroidism is associated with AF, heart failure and coronary disease events (3) . In addition, left atrial fibrosis is prominent in patients with AF. Extensive atrial tissue fibrosis identified by delayed enhancement magnetic resonance imaging has been demonstrated to be associated with poor outcomes of AF catheter ablation (4) . Atrial fibrosis is hypothesized to be important in the reoccurrence of AF following cardioversion. It is reported that the expression levels of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) may predict AF recurrence following cardioversion and may be considered as candidate novel biomarkers of AF stratification and therapy (5) . In addition, the generation of atrial fibrosis is followed by alterations in the expression of apoptosis-associated genes, such as decreased expression of BCL2, apoptosis regulator (BCL-2), and increased expression of BCL-2 associated X, apoptosis regulator (BAX) (6) . Therefore, it is considered to be of great clinical significance to investigate the correlation of MMPs and apoptosis-associated gene expression levels with AF.
MMPs are a family of metalloproteinases reported to be associated with numerous biological processes, including ontogenesis morphogenesis, angiogenesis and cell growth (7) . MMP-7 and MMP-9, two metalloproteinases in the MMPs family, were identified to be involved in extracellular matrix (ECM) homeostasis and in joint disc remodeling (8) . TIMP metallopeptidase inhibitor 2 (TIMP-2), a non-glycosylated protein with a molecular weight of 21 kd, is a specific inhibitor of MMPs, which significantly contributes to the inhibition of tumor invasion and metastasis (9) . Previous studies investigated the association of MMPs and their inhibitors (TIMPs) with the development and occurrence of AF, and the results indicate that the circulating levels of MMPs and TIMPs are associated with atrial remodeling and prediction of AF recurrence (5, 10) . BCL-2 functions as a negative regulator in cell apoptosis, which in turn results in the disturbance of homeostatic cell growth. Furthermore, the anti-apoptotic mechanism of BCL-2 involves the inhibition of BAX homo-oligomerization and mitochondrial membrane poration (11) .
The aim of the current study was to investigate the role of MMP-7 and apoptosis-associated gene expression levels in the pathogenesis of AF in a Beagle dog model, in order to provide a meaningful experimental basis for clinical treatment of AF.
Materials and methods
Ethical approval. The present study was performed in accordance with the approved animal protocols and guidelines established by the Medicine Ethics Review Committee for animal experiments of Zaozhuang Municipal Hospital (Zaozhuang, China).
Animal grouping and establishment of Beagle dog models of AF. AF is usually treated with drugs, thus it is relatively difficult to collect surgery tissue samples. Therefore, Beagle dog models of AF were established in the present study. A total of 20 adult male Beagle dogs (age, 1-3 years; weight, 8-10 Kg; purchased from Ya Dong Laboratorial Animal Research Center, Nanjing, China) were selected and randomly divided into the AF group (n=10) and the control group (n=10). Beagles were separately housed at cages at a temperature of 13-16˚C and humidity of 40-70%, under 12-h light/dark cycles. Sufficient drinking water was provided for each Beagle dog, and high-quality adult dog food (3-5% of its weight) was provided twice a day. In the AF group, burst stimulation was used to induce AF. Dogs in the AF group were anaesthetized with ketamine (1 mg/kg; Jiangsu Hengrui medical Co., Ltd', Jiangsu, China; batch no. 20101105). Organon Vecuronium (0.1 mg/kg; Merck & Co., Inc., Whitehouse Station, NJ, USA; batch no. 403138) was used to inhibit spontaneous breathing. Tracheal intubation cannulae were used to assist with respiration and Propofol (200 µg/kg/min; Xi'an Libang Pharmaceutical Co, Ltd., Xi'an, China; batch no. 0711192) was used to maintain anesthesia. The dog hearts were exposed by opening the pericardium through the right fourth intercostal space. Pacemaker electrodes were sutured subcutaneously and placed in the right ventricle. The pacemaker electrode was also sutured in the right atrial appendage as an alternate to induce AF. After closing the chest, the YKE201 pulse generator (Shanghai Yiwu Medical Equipment Co., Ltd, Shanghai, China) was connected and ventricular pacing was set at a frequency of 250 times/min. After surgery, the dogs were clothed with a recovery vest to protect the incision, the pulse generator and the electrode wire. The dogs in the control group underwent the same surgical procedure with the pseudo electrodes stitched. No ventricular pacing was performed in the two groups within 5 weeks of surgery. Five weeks after surgery, Burst stimulation was used to induce AF in the AF group (Pacing cycle length, 100 msec; pacing threshold, four times, 1-10 sec). AF was induced in each Beagle dog in the AF group five times and the mean duration of AF was recorded. If the mean duration was >15 min, it was recorded as 15 min and the AF was defined as persistent AF (12) . Following measurement of myocardial physiological indices, dogs were sacrificed and the heart was quickly removed. The left and right atrial free walls were isolated. Following the removal of blood and fat tissue, the left and right atrial free walls were quickly frozen with liquid nitrogen and stored at -80˚C.
Echocardiography. An EnVisor Ultrasound System (iE33, Philips Medical Systems Nederland B.V. Measurements, Best, Netherlands) was used to detect cardiac function parameters, including left atrial diameter (LAD), LAD indexed (LADI) to body surface area, left ventricular end-diastolic diameter (LVEDD), left ventricular septal and posterior end-diastolic wall thickness (PWT of LV) and left ventricular ejection fraction (LVEF) (12) .
Atrial specimen collection. After the cardiac function parameters were measured and recorded, the left and right atrial free walls were obtained, blood and adipose tissue were removed, and frozen in liquid nitrogen for preservation at -80°C. Preserved atrial tissue samples were used for tissue staining, RNA extraction and protein extraction, as previously described (13) .
Mallory's trichrome staining. The preserved atrial tissues were washed with PBS three times, fixed at room temperature for 15-30 min with 4% paraformaldehyde, embedded in paraffin and sliced in 0.4-µm thick sections. Mallory's trichrome staining was performed, as previously described (13) . The paraffin sections were dewaxed with xylene and rehydrated. Lugol's iodine salt crystals, alum, hematoxylin dye and acid fuchsin solution (0.5%) were added successively for staining. Staining was performed at room temperature for 1-5 min and full washing with water was performed after each stain; when the fiber was colorless, washing with distilled water was performed. Subsequent to Mallory's trichrome staining, the sections were stained for 20 min with Aniline Blue solution and alcohol (95%) was added for hydration. Finally, anhydrous ethanol was used for dehydration. The tissue block was cleared in xylene and mounted. After staining, the collagen fiber was dark blue and the muscle tissues were bright orange. Images were obtained using an optical microscope and the fibrosis rate was calculated, as previously described (14). Table I . Primer sequences for reverse transcription-quantitative polymerase chain reaction.
Gene
Sequence
F, forward; R, reverse; MMP-7, matrix metalloproteinase-7; TIMP-2, TIMP metallopeptidase inhibitor 2; BAX, BCL-2 associated X, apoptosis regulator; BCL-2, BCL2, apoptosis regulator.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The preserved atrial tissues were washed with PBS three times. Total RNA was extracted using RNAiso Plus kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's protocol, and RT was performed using the Prime Script RT reagent kit (Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. qPCR was performed on a StepOnePlus PCR instrument (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA), as previously described (13) . The primer sequences that were used in the present study are presented in Table I . The qPCR reaction included the following: 1.6 µl cDNA solution, 5 µl 2X SYBR GREEN Taq PCR mix (Takara Bio, Inc.), 0.2 µl of each forward and reverse primer (10 µM) and 3 µl ddH 2 O. The thermocycling conditions were as follows:
Pre-denaturation at 95˚C for 5 min, followed by 60 cycles at 95˚C for 10 sec, at 58˚C for 10 sec and at 72˚C for 10 sec, with a final extension step at 72˚C for 10 min. MMP-7 (Gene ID 489432), TIMP-2 (Gene ID 403633), BAX (Gene ID 403523) and BCL-2 (Gene ID 403416) were detected. GAPDH (Gene ID 403755) served as the internal reference. Melting curve was applied to assess the reliability of the PCR products. Relative gene expression was calculated according to the comparative Cq method (15) and normalized to GAPDH.
Western blot analysis. The preserved atrial tissues were cleaned with distilled water, and total proteins were extracted using radioimmunoprecipitation assay lysis buffer (Gibco; Thermo Fisher Scientific Inc.) with protease inhibitors (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) on ice for 5-15 min. Centrifugation was performed at 4˚C at a speed of 12,000 x g for 10 min. The supernatants were collected and protein concentration was detected using a bicinchoninic acid protein assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA 
Results
Comparison of cardiac function parameters between the AF and control groups. LVEF and LAD in the control group were significantly higher than those in the AF group (P<0.05); while LADI in the control group was significantly lower than that in the AF group (P<0.05). No significant difference was identified in LVEDD and LVPWT between the two groups (P>0.05; Table II ). The cardiac function of the AF group was demonstrated to be significantly lower than that of the control group, indicating the successful establishment of an AF model.
Comparison of cardiac fibroses between the AF and control
groups. The Mallory's trichrome staining results of atrial fibrosis (Fig. 1A) demonstrated that the degree of atrial fibrosis in the control group was significantly lower than that in the AF group.
In the AF group, the fibrous tissue samples in the left atrial myocytes in the myocardial tissue were compact and intact, meanwhile muscle bundles were separated by connective tissues, which was characterized by over accumulation of collagen and deposition in connective tissues. As shown in Fig. 1B , the proportion of fibrotic tissue in the control group (1.43±0.40%) was significantly lower than that in the AF group (9.86±1.11%; P<0.05). The western blotting result of atrial fibrosis factor Col I (Fig. 1C ) demonstrated that the relative expression of Col I protein in the control group was 0.65±0.13, which was significantly lower than that in the AF group (1.14±0.18; P<0.05). The results of protein expression ( Fig. 1D) indicated that the degree of cardiac fibrosis was increased following AF.
Comparisons of the mRNA expression levels of MMP-7 and other apoptosis-associated genes between the AF and control
groups. GAPDH mRNA expression in the control group was set as 1. Compared with the control group, MMP-7 and BAX mRNA expression levels in the AF group were elevated (P<0.05), while BCL-2 and TIMP-2 mRNA expression levels were decreased (P<0.05; Fig. 2) . The results indicate that the elevated mRNA expression levels of MMP-7 and BAX, and the decreased mRNA expression levels of TIMP-2 and BCL-2 may lead to AF.
Comparisons of the protein expression levels of MMP-7 and other apoptosis-associated genes between the AF and control groups.
The protein level of the relative reference, β-actin in the control group was set as 1. Compared with the control group, protein expression levels of MMP-7 and BAX were elevated (P<0.05), while the protein expression levels of TIMP-2 and BCL-2 were decreased in the AF group (P<0.05). The results demonstrated that elevated expression levels of MMP-7 and BAX, and decreased expression levels of BCL-2 and TIMP-2 may be associated with AF occurrence (Fig. 3) .
Correlation of the protein expression levels of MMP-7 and other apoptosis-associated genes with the cardiac function parameters of AF. Pearson correlation analysis was used to analyze the correlation between MMP-7 together with apoptosis-associated genes and the cardiac function parameters of AF. According to the correlation analysis, MMP-7 and BAX expression levels were negatively correlated with LVEF (r=-0.92; r=-0.96; P<0.001), and TIMP-2 and BCL-2 expression levels were positively correlated with LVEF (r= 0.96; P<0.001; r= 0.97; P= 0.002). In addition, MMP-7 and BAX expression levels were positively correlated with the degree of cardiac fibrosis (r=0.88; P=0.001; r=0.92; P<0.001), while TIMP-2 and BCL-2 expression levels were negatively correlated with the degree of cardiac fibrosis (r=-0.92; r=-0.95; P<0.001; Table III ).
Discussion
By detecting the mRNA and protein expression levels of MMP-7 and apoptosis-associated genes (TIMP-2, BAX and BCL-2), the major finding of the current study is that MMP-7 and apoptosis-associated genes (TIMP-2, BAX and BCL-2) may serve as indicators of AF, and provide direction for the prognosis and treatment of AF. According to the experimental results, the expression level of MMP-7 in the AF group was increased when compared with that of the control group, which indicated that the mRNA expression levels of MMP-7 and other apoptosis-associated genes are likely to be associated with AF. Increasing evidence indicates that MMPs are important in normal embryonic development, tissue remodeling, and pathological and physiological processes occurring in the human body (16) . Regulating the expression and activity of MMPs and TIMPs may represent an important clinical treatment strategy to prevent atrial remodeling (17) . A previous study indicated that MMPs and TIMPs are essential for cardiac ECM remodeling (18) . ECM is a dynamic structure, whose physiological turnover is mediated by MMPs and their TIMPs. In addition to providing structural support, the ECM also function as an extracellular reservoir for multiple growth factors and cytokines (19) . However, MMPs are crucial in the collagen metabolism process of atrial tissue via gene transcription, protein expression and activity elevation, causing excessive degradation of normal collagen and abnormal myocardial cell gaps in the ECM. The the gap is subsequently filled with other fibrous tissues and fibrosis gradually increases (20) . TIMPs bind to the active site of the MMPs in a stoichiometric 1:1 molar ratio, thereby blocking access to the ECM substrates, and also stimulate the proliferation and differentiation of fibroblasts in cardiac tissue damage sites, thereby promoting synthesis of the ECM (21, 22) . In the infarcted myocardium, activation of the inflammatory cascade clears the wound of dead cells, whereas stimulating matrix degradation and chamber dilation contributes to the development of heart failure (23) .
The current study demonstrated that the low expression level of BCL-2 and the high expression level of BAX were associated with the occurrence and development of AF. Previous studies indicate that there are two phylogenetically and structurally distinct groups of proteins regulating the stress-induced intrinsic apoptosis, i.e., the programmed disassembly of cells, among which BCL-2 is an anti-apoptosis regulator while BAX is a pro-apoptosis protein (24) . As BAX and BCL-2 exert opposite regulatory effects on cell apoptosis, it is considered that there may be a balance between BAX and BCL-2, which co-regulates the apoptosis of cells. A previous study found that in cases of atrial aging or AF, the level of BCL-2 expression in the left atrial myocardial tissue was downregulated, while the level of BAX expression was elevated (13) . In addition, it was reported that apoptosis was significantly elevated, as indicated by the increasing BAX/BCL-2 ratio, after patients with gastric adenocarcinoma received crocin treatment (25) . Furthermore, a recent study indicated that MMP may be involved in the occurrence and development of AF via upregulating BAX expression levels and downregulating BCL-2 expression levels, which is consistent with the results of the current study (26) . However, a limitation of the present study was the relatively small number of subjects; thus, future studies with a larger sample are required to verify the present results.
In conclusion, the present study provides evidence that MMP-7 and apoptosis-associated gene expression levels are correlated with the cardiac function parameters of AF. However, the underlying mechanisms of these genes in the occurrence and development of AF remains unknown. Future investigations will focus on the correlation analysis between the epidemiology of cardiovascular disease and associated gene expression, with the aim of improving knowledge of gene therapy for AF, as well as myocardial infraction, dilated cardiomyopathy and heart failure.
